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Abstract 
This paper examined the potential of devices based heterostructures made from ferroelectric and GaN semiconductor. 
Results showed that carrier density induced from ferroelectric in BTO/GaN is several times higher than that of from AlGaN. In 
BTO/AlGaN/GaN structure, a positive polarization of 50 PC/cm2 makes quantum well deeper, thus improve the 2DEG density 
30%. For the AlGaN(0001)/GaN(0001)/BaTiO3(111) double heterostructure, there will be two channels in GaN layer and the 
sheet electron density will be doubled compared to conventional AlGaN/GaN heterojunction. Our theory predictions provide 
some references to the design of new electronic devices. 
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1. Introduction 
Due to the superior properties of GaN like high saturation carrier velocity and good thermal conductivity, GaN 
heterostructures are being actively pursued by various academic institutions for applications in high-power, high-
frequency RF power amplification. Meanwhile, heterostructures that combine ferroelectrics with semiconductor 
materials can be expected to exhibit physical properties that are unusual, if not unprecedented1, which can result in 
the possibility of new materials and device designs. As the recent advances in synthesis, characterization, and theory 
of complex oxides, growth of ferroelectrics on to silicon2, germanium3, GaAs4 and GaN5-7 have been becoming 
reality. Furthermore, III-nitride integration on ferroelectric materials is also reported8. These progresses in atomic-
scale control heterointerfacial structure make it possible to explore and utilize the physical properties arisen from 
such multilayer that are not found in either of their constituents.  
It is well known that AlGaN/GaN heterojunction has a large two-dimensional electron gas (2DEG) density 
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mainly because of polarization. Compared to AlGaN, the polarization of perovskite ferroelectric is several times 
larger than that of AlGaN, which is expected to induce a higher density of two-dimensional carrier gas (2DCG). 
Moreover, the polarization of ferroelectric is variable and reversible under applied electric field, thus make it 
possible to modulate the carrier density and conductive type (electron or hole). Thirdly, dielectric constant of 
ferroelectric is several hundreds or higher, much larger than that of AlGaN, which may modify the electric field 
distribution of conventional structure. These polarization characters can even induce quasi-two-dimensional electron 
gas (q2-DEG) at the interface between the two insulating, dielectric perovskites9-12. Beside the polarization, strain in 
semiconductor also plays an important role for carrier transport, which can reduce the inter-valley scattering and 
effective mass, as has been proved in strained silicon. Therefore, a strained GaN on ferroelectric (SSOF) is expected 
to influence both 2DCG density and carrier mobilityˈ thus opening new routes to design electronic devices. 
However, further advances require theoretical explore to provide reasonable means quantitative predictions for 
realistic structures. Self-consistent solution of Poison-Schrödinger equation based on charge control model13 might 
be an effective method. Unfortunately, because there is lack of experimental data for ferroelectric/GaN 
heterostructure, many basic physical parameters (e.g. effective mass, band offset) remained uncertain, especially for 
ferroelectric and strained GaN and AlGaN. Fortunately, ab initio calculations will be available to improve this 
situation. 
In this paper, by combining the first principle calculation and charge control model method, we demonstrated 
what is actually happening in three typical heterostructures: BTO/GaN, BTO/AlGaN/GaN and AlGaN/GaN/BTO, 
seen as representative of the FE/GaN systems. This allows us to insight the mechanism of FE-GaN interaction and 
provides some references to device design. 
2. Simulation Methods 
Wurtzite GaN (0001) is well matched to (111) face of perovskite oxides, which lead to the possibility of 
epitaxial growth without buffer and have been proved by experiments7, 14, 15. Therefore, construction of above 
heterostructures are reasonable and reality. As mentioned above, before solve the Poisson equation and Schrödinger 
equation self-consistently, one must obtain the conduction band valley degeneracy (s) and effective mass (mn*) for 
BTO and strained GaN, and band offset of the GaN/BTO heterojunction. These parameters were calculated from 
Castep of Materials Studio 4.0 based on Density functional theory (DFT). The s and mn* were derived from E-k 
relationship of band structure, as listed in table I. For strained GaN on Tetragonal BTO, the electron effective mass 
was decreased about 10% compare to that of relaxed GaN. Fig.1 presented band structure of BTO under strain of -
2.6% and the electronic effective mass of BTO under various strains. As shown in Fig.2, band offset of 
GaN(0001)/BTO(111) with Ti-N interface were calculated through align bulk band structure of ferroelectric and 
GaN to average electrostatic potential of semiconductor slabs in supercell containing the interface16, which is 
0.53eV for valence band offset (VBO) and 0.23eV for conduction band offset (CBO), respectively.  
 
Table I  Calculated effective mass of cubic BTO, tetragonal BTO, relaxed GaN and strained GaN 
 
BTO GaN  
Cubic Tetragonal Relaxed Strained
s 1 6 1 1 
ml/m0 6.9 (7.5a) 1.01 0.25  0.23 
mt/m0 1.6 (1.5a) 0.54 0.22  0.20 
mn
*/m0 2.56 (2.55a) 2.21 0.23 0.21 
a Reference 16 
Based on the first principle results of ferroelectric BTO and strained GaN, we implement the self-consistent 
solution of the Poison equation and Schrödinger equation for band diagram and carrier distribution calculation. 
Parameters used in the simulation were list in table II. 
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Fig.1 Band structure of BTO under strain of -2.6% (a) and DOS effective mass of BTO under various strains (b) 
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Fig.2 Macro-average electrostatic (a) and band align of BTO/GaN Heterostructure (b) 
 
Table II Parameters used in charge control model 
 
 BTO Al0.3Ga N GaN 0.7
Schottky barrier height (eV) 1.7 1.42 0.85 
Energy gap (eV) 3.10 4.04 3.42 
Band offset (eV) 0.40 0.47 0 
Rel. dielectric constant (İ ) 300 9.2 9.5 0
Electron eff. Mass (m )* 2.21 0.27 0.21 0
Condband valley degeneracy 6 1 1 
Polarization* (PC/cm2 -50~50 5.59 2.9 ) 
Donor concentration (cm-3) 0 1e17 1e16 
 
3.  Results and discussion 
3.1 FE/GaN structure 
The geometry of FE/GaN heterostructure was shown in insert of Fig.3. It was found that the induced carrier 
density from large polarization FE layer can much higher that that from AlGaN. Because of the band offset of 
BTO/GaN is smaller than that of AlGaN/GaN, we can conclude that this high density of 2DCG is mainly attributed 
to the polarization rather than band offset. However, in the case of equal polarization, electron density induced by 
AlGaN is higher that FE, this is due to a higher dielectric constant of BTO. 
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Fig.3 Conduction profile and carrier density under ferroelectric polarization in MFS structure 
Furthermore, the Conduction profile and carrier density under various ferroelectric polarization in MFS structure 
were investigated. When PPBTO <-20PC/cm2, electrons in GaN is depleted and holes begin to accumulate. That is to 
say, the carrier is inversed. As showed in Fig.3, a high density 2DCG can be induced only when the polarization is 
large (positive or negative) enough. 
3.2 BTO/AlGaN/GaN structure 
Although BTO/GaN structure is expected to have a high density 2DCG, the interface perfection is still a problem 
for growth of BTO on GaN, which may lead a large interface scattering and interface density-of-state and damage 
transport performance. Furthermore, because of the small band offset between BTO and GaN, the quantum 
restriction is weak, which result the carrier diffuse to BTO layer. This situation can be overcome by the 
BTO/AlGaN/GaN structure. This structure can be tuned by ferroelectric polarization as well as keep the perfection 
of GaN interface.  
Fig. 4 depicted the thickness and polarization dependence of carrier density in FE/AlGaN/GaN structure. It can 
be seen that the sheet carrier density of 2DEG in AlGaN/GaN interface increased with the increasing of BTO 
thickness, and tend to saturate beyond 8nm. Thickness of AlGaN barrier layer is not significant, but FE/AlGaN/GaN 
structure with a thin AlGaN layer is more sensitive to effect of FE. A positive polarization makes well of 
AlGaN/GaN interface deeper, thus improve density of 2DEG. The larger the polarization of FE, the higher the 
density of 2DEG. It is saturated when PPBST> 50 PC/cm2. 
 
     
Fig.4 Thickness and polarization dependence of carrier density in FE/AlGaN/GaN  
3.3 AlGaN/GaN/FE double heterostructure 
Generally, GaN as a substrate is very thick (several micrometers on sapphire or SiC), which is full relaxed and 
no strain in lattice. It is well known that the performance of power device is depended on the multiply of 2DEG 
density (Ns) and mobility (P), while mobility is highly related to strain in semiconductor channel. The strain in GaN 
layer is fully maintained as long as the GaN thickness does not exceed the critical thickness. The strain affect FET 
performance at least in two aspects: piezoelectric polarization influence the carrier density and lattice strain 
influence the mobility. 
As shown in Fig.5a, polarization in FE substrate has an obvious effect on carrier density. Opposite to FE/GaN 
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and FE/AlGaN/GaN heterostructure, a negative polarization will improve 2DEG density. What attractive is, beside 
the channel near AlGaN/GaN interface, another channel near GaN/FE interface was appeared. The double cannel 
type structure will have double conductive capability, which is very promising for high power devices. The carrier 
density of second channel increased with the increasing of FE thickness. 
Fig.5b shows polarization dependence of carrier density in AlGaN/GaN/FE double Heterostructure. A negative 
polarization will enhance quantum restriction effect, while positive polarization make the second channel disappear 
and the Ns in first channel decreased. For a 20nm BTO, when PPBTO=-20PC/cm2, the sheet charge density reached to 
3.2u1013cm-2, which is twofold compared to conventional AlGaN/GaN structure.  
 
   
(a)                                                                                                               (b) 
Fig.5  Thickness and polarization dependence of carrier density in AlGaN/GaN/FE double heterostructure. (a) Carrier distribution in the 
double heterostructure for different GaN thicknesses. (b) Carrier distribution in the double heterostructure for different ferroelectric 
polarizations. 
Beside the electron density, the electron mobility would further improve duo to the tensile stress in GaN channel. 
As shown table I, the electron effective mass mn* is reduced 10% under strain for GaN. Since mobility is inverse 
proportion to mn*, the decrease in effective mass would result an enhancement in mobility. Therefore, this strained 
semiconductor on ferroelectric (SSOF) structure can improve both 2DEG density and mobility, which is very 
promising for high speed power devices. 
4. Conclusion 
This paper studied some basic physic parameters and 2DCG characteristics for three typical FE/GaN 
heterostructures. We have shown that the FE/GaN heterostructures will induce a much higher 2DCG in GaN channel 
due to large polarization of FE. Moreover, Strained GaN on FE has an enhanced mobility beside the high density 
2DEG. These simulations may shed some light to the FE/GaN interaction and provide some references to the design 
of new electronic devices.  
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